An AP1/AGL9 group of MADS box gene, OMADS1, with extensive homology to the Arabidopsis AGAMOUS-like 6 gene (AGL6) was characterized from orchid (Oncidium Gower Ramsey). OMADS1 mRNA was detected in apical meristem and in the lip and carpel of flower. Yeast twohybrid analysis indicated that OMADS1 is able to strongly interact with OMADS3, a TM6-like protein that was involved in flower formation and floral initiation in orchid. Transgenic Arabidopsis and tobacco ectopically expressed OMADS1 showed similar novel phenotypes by significantly reducing plant size, flowering extremely early, and losing inflorescence indeterminacy. In addition, homeotic conversion of sepals into carpel-like structures and petals into staminoid structures were also observed in flowers of 35S:: OMADS1 Arabidopsis. This result indicated that OMADS1 was involved in floral formation and initiation in transgenic plants. Further analysis indicated that the expression of flowering time genes FT, SUPPRESSOR OF OVEREX-PRESSION OF CO 1 (SOC1) and flower meristem identity genes LEAFY (LFY), APETALA1 (AP1) was significantly upregulated in 35S::OMADS1 transgenic Arabidopsis plants. Furthermore, ectopic expression of OMADS1 rescued lateflowering phenotype in gi-1, co-3 but not for ft-1 and fwa-1 mutants. These results supported that ectopic expression of OMADS1 influenced flower transition and formation by acting as an activator for FT and SOC1 in Arabidopsis.
Introduction
The formation of flower organs was regulated by the interaction of at least five classes of homeotic genes in plants (Theißen 2001, Theißen and Saedler 2001) . Based on their interactions, an ABCDE model for flower development was established (Theißen 2001, Theißen and Saedler 2001) . Because most of these genes encode MADS box proteins that contain a conserved DNA-binding domain (the MADS box domain) at the N-terminus, a central role for MADS box genes in flower development is indicated (Purugganan et al. 1995 , Theißen and Saedler 1995 , Theißen et al. 2000 .
In addition to the involvement in flower formation, MADS box genes are also thought to play role in floral transition regulation (Jack 2001) . For example, FLOWERING LOCUS C (FLC) is a repressor (Michaels and Amasino 1999 , Sheldon et al. 1999 , Sheldon et al. 2000 whereas SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1, or known as AGL20) is an activator , Samach et al. 2000 in regulating the transition from vegetative to reproductive growth in Arabidopsis. Despite their involvement in regulating flowering time, FLC and SOC1 were not involved in flower organ formation. Some MADS box genes regulate flower formation and have been thought to be involved in floral transition and initiation regulation (Mandel et al. 1992b , Bowman et al. 1993 , Mandel and Yanofsky 1995b , Purugganan et al. 1995 , Mouradov et al. 1998 , Liljegren et al. 1999 , Yu and Goh 2000 , Hsu and Yang 2002 . For example, mutation in APETALA1 (AP1) often causes partial flower transformation into inflorescence shoots along with alterations in sepal and petal organ identity (Bowman et al. 1993 , Schultz and Haughn 1993 , Gustafson-Brown et al. 1994 . Other genes showed a sequence similar to AP1 such as FRUITFULL (FUL, previously described as AGL8), SEPALLATA1 (SEP1), SEP2 and SEP3 (previously described as AGL2, 4, 9), have also been shown to function in regulating floral initiation , Mandel and Yanofsky 1995a , Mandel and Yanofsky 1998 , Pelaz et al. 2000 , Pelaz et al. 2001 , Theißen et al. 2000 . For example, FUL mRNA was highly expressed in the inflorescence apical meristem before flowering (Mandel and Yanofsky 1995a) . SEP3 and its orthologues, TM5 in tomato and FBP2 in petunia, are thought to regulate organ differentiation in the three inner whorls of the flowers as well as acting as floral meristem identity genes (Angenent et al. 1992 , Angenent et al. 1994 , Pnueli et al. 1994a , Mandel and Yanofsky 1998 , Pelaz et al. 2000 . Three orchid (Dendrobium grex Madame ThongIn) MADS box genes of the AP1/AGL9 group were expressed in both the transitional shoot apical meristem and mature flowers (Yu and Goh 2000) . Other genes in the AP1/AGL9 group, such as AGL6 and its putative orthologues, have also been cloned from different plant species (Ma et al. 1991 , Mena et al. 1995 , Tandre et al. 1995 , Mouradov et al. 1998 , Shindo et al. 1999 . However, their function is less well characterized.
The involvement of these MADS box genes in floral transition and initiation was further evidenced by ectopic expression of these genes in transgenic plants. Ectopic expression of AP1 or its orthologues from heterologous plants produced an extremely early-flowering phenotype Yanofsky 1995b, Kyozuka et al. 1997) . Similar phenotypes were also observed in 35S::AP3/35S::PI and 35S::SEP3 transgenic plants (Pelaz et al. 2001, Honma and Goto 2001) . In addition to causing sepal and petal conversion into carpel-and stamen-like structures, ectopic expression of AG or its orthologues from heterologous plants also produced an early-flowering phenotype (Mizukami and Ma 1992 , Mizukami and Ma 1997 , Bradley et al. 1993 , Kempin et al. 1993 , Schmidt et al. 1993 , Pnueli et al. 1994b , Kang et al. 1995 , Kater et al. 1998 , Kim et al. 1998 , Rutledge et al. 1998 , Tandre et al. 1998 , Yu et al. 1999 , Winter et al. 1999 . This indicated that some ABCDE MADS box genes and their orthologues are able to regulate floral initiation once ectopically expressed in plants.
An interesting question that remains unclear is why and how these MADS box genes promote flowering once ectopically expressed in plants? In Arabidopsis, the transition from vegetative rosette leaf to reproductive inflorescence development has been extensively studied. Many mutations in the genes involved either delayed or promoted flower transition timing have been identified and characterized (Koornneef et al. 1991 , Amasino 1996 , Koornneef et al. 1998 , Levy and Dean 1998 , Reeves and Coupland 2000 , Araki 2001 , Simpson and Dean 2002 . Genes such as CO, GI, FT, FWA have been thought to be involved in the photoperiod flowering pathway whereas other genes have been thought to function in the autonomous flowering pathway that promotes flowering (Levy and Dean 1998 , Reeves and Coupland 2000 , Araki 2001 , Simpson and Dean 2002 . By contrast, mutations in the CURLY LEAF (CLF) or EMBRYONIC FLOWERING (EMF) genes produced an early flowering phenotype (Goodrich et al. 1997 , Sung et al. 1992 , Yang et al. 1995 . This indicated that CLF and EMF act as suppressors in controlling flowering. The exploration of the possible relationships and interactions between flowering time genes and MADS box genes ectopically expressed in transgenic plants is interesting.
Orchids are among the most important plants in flower markets around the world. Little research on the MADS box genes and flower development have been reported in orchids (Lu et al. 1993 , Yu and Goh 2000 , Yu et al. 2002 , Hsu and Yang 2002 . We report here on the isolation and functional analysis of an AGL6-like MADS box gene from orchid (Oncidium Gower Ramsey). The ectopic expression of this MADS box gene promoting flowering in Arabidopsis and tobacco is demonstrated. Furthermore, we provide evidence to show that flowering promotion by this orchid MADS box gene in transgenic Arabidopsis plants is due to the induction of flowering time genes FT/SOC1. The relationship between the MADS box genes and floral suppressors such as EMF, CLF genes in regulating flower transition is also discussed.
Results
Isolation of OMADS1 cDNA from orchid A combined RT-PCR and 5¢-RACE strategy was used to isolate MADS box genes from orchid (O. Gower Ramsey) (Hsu and Yang 2002) . The cDNA sequence for a gene, Orchid MADS Box Gene 1 (OMADS1), putative orthologue for AGL6 from Arabidopsis, was identified.
OMADS1 cDNA encodes a 240 amino acid protein that showed 57% identity and 73% similarity to AGL6 (Fig. 1A) . OMADS1 also showed high sequence identity (55%) and similarity (70%) to other AGL6 orthologues such as ZAG3 from maize (Fig. 1A) . In the MADS box domain, 91% (53/58) and 100% (58/58) of the amino acids are identical or similar between OMADS1 and AGL6. In addition to the MADS box domain, a putative protein dimerization K box domain, that showed 60% (40/67) identity and 81% (54/66) similarity to AGL6 was found in the middle of the protein (Fig. 1A) . The sequence similarity between OMADS1 and AGL6 indicates that OMADS1 is the putative O. Gower Ramsey AGL6 orthologue. The amino acid sequence alignment shown in Fig. 1A and sequence for several other MADS box genes were used to construct a phylogenetic tree for AP1/AGL9 group genes (Fig. 1B) .
Southern analysis for OMADS1
To investigate the genomic organization of OMADS1 gene, Southern blot analysis was performed. When the DNA fragment without MADS box region for OMADS1 was used as a probe, it detected one strong band and one or more considerably weaker bands in BglII, EcoRI, EcoRV or HindIII digested O. Gower Ramsey genomic DNA (Fig. 2) . This result indi- Fig. 1 Sequence comparison of OMADS1 and related AP1/AGL9 group of MADS box proteins. (A) Amino acid sequence alignment between OMADS1, AGL6, SEP1, SEP2, SEP3, AP1 (Arabidopsis), FBP2 (petunia), TM5 (tomato), ZAG3, ZAG5 (maize) and DAL1 (Picea abies). The first and second underlined regions represent MADS box domain and K box domain respectively. In each alignment, amino acid residues identical to OMADS1 were indicated as dots. To improve alignment, dashes were introduced into the sequence. (B) Phylogenetic analysis of plant MADS box genes in AP1/AGL9 group which has been subdivided into subclades of SQUA-like, AGL6-like and AGL2-like genes. Based on amino acid sequence, OMADS1 was closely related to Arabidopsis AGL6. The name of the OMADS1 protein is underlined. Names of the plant species for each MADS box gene are listed behind the protein names. The tree was generated by the neighbor joining method, whereas the distance was calculated based on the Dayhoff PAM matrix (Dayhoff et al. 1983 ) using the PROTDIST program in PHYLIP software package (v3.5c; Kimura 1980). Numbers on major branches indicate bootstrap estimates for 100 replicate analyses. cated that there is only one OMADS1 copy, and at least one closely related yet clearly distinct paralog in the O. Gower Ramsey genome.
Gene expression for OMADS1
To explore the relationships between sequence similarity and expression pattern for OMADS1, RNA expression was analyzed. As shown in Fig. 3 , OMADS1 mRNA was undetectable in the vegetative leaf and inflorescence shoot but expressed in the inflorescence meristem, flower buds from different developmental stages (2 mm and 10 mm in length) and pedicle of the flower. When the floral organs from 10-mm mature floral buds were examined, OMADS1 mRNA was detected in the lip and carpels, but absent in the stamens, sepals and petals. This expression pattern was different from that observed for AGL6 or its orthologues which was expressed in all four flower organs and ovules (Mena et al. 1995 , Mouradov et al. 1998 .
OMADS1 is able to form heterodimer with OMADS3
To seek evidence for the possible interaction between OMADS1 itself or other orchid MADS box proteins, yeast two-hybrid analysis was performed. As shown in Fig. 4 , OMADS1 protein was also able to form homodimers. Interestingly, when the interaction between OMADS1 and OMADS3, a protein encoded by TM6-like gene which might involve in regulating flower formation and floral initiation in orchid (Hsu and Yang 2002) , was analyzed, OMADS1 protein was able to form heterodimers with OMADS3 (Fig. 4) . As controls, only a background level of b-galactosidase activity was detected in Detection of the OMADS1 expression. Total RNA isolated from apical meristem (Am), inflorescence shoot (Is), 2-mm and 10-mm-long flower buds, flower organs, sepal (S), petal (P), lip (LP), stamens (St), and carpel (C) of 10-mm-long floral bud, pedicle (Pd) of flower, and leaves (Lf) were used as templates in RT-PCR. OMADS1 specific DNA probes (without MADS box domain) was used for hybridization. The results indicated that OMADS1 was detected in apical meristem, and in lip, carpels, and pedicle of flower. This experiment was repeated twice with similar results in which RNA was prepared twice from two different sets of sources. rRNA stained in an EtBr gel was used to show the amount of RNA used for each RT-PCR reactions. yeast cells transformed with OMADS1 or OMADS3 fused with the binding domain vector only (Fig. 4 ). This result indicated that OMADS1 should have function similar to that for OMADS3 in regulating flower initiation.
Ectopic expression of OMADS1 causes extremely early flowering and produces terminal flowers in transgenic Arabidopsis plants
To further investigate the function of OMADS1, OMADS1 cDNA driven by the CaMV 35S promoter was transformed into Arabidopsis plants for functional analysis. Eighteen independent 35S::OMADS1 transgenic Arabidopsis T 1 plants were obtained. Six plants were phenotypically indistinguishable from wild-type plants whereas twelve plants showed the identical novel phenotypes described below. These 12 plants were small and produced petioleless, oval-shaped cotyledons and small curled leaves after germination that were very similar to that observed in extremely early-flowering mutants emf or clf (Sung et al. 1992 , Yang et al. 1995 , Goodrich et al. 1997 . Later, these 35S::OMADS1 plants flowered significantly earlier than wild-type plants by producing only two or three small curled rosette leaves and two small curled cauline leaves on inflorescence (Fig. 5A ). Wild-type plants of the same age developed only round rosette leaves with petioles and remained in vegetative development (Fig. 5B ). These 35S::OMADS1 plants produced fewer than six flowers and lost inflorescence indeterminacy by producing terminal flowers at the end of either main inflorescence or branches (Fig. 5C, D, E) . These terminal flowers were composed of two or three carpels (Fig. 5F ) similar to those observed in Arabidopsis terminal flower 1 (tfl1) mutants and in 35S::AP1 and 35S::LFY transgenic Arabidopsis Yanofsky 1995b, Weigel and Nilsson 1995) .
The sepal, petal, stamen, and carpel structures in most of the mature flowers were apparently normal. However, homeotic conversion of sepals into carpel-like structures (Fig. 5G, H , I, 6A, B, C) was occasionally observed in the late developing flowers. Stigmatic papillae (Fig. 5G , 6A, C) and ovules (Fig.  5H, I , 6A, B) were observed at these carpel-like structures. When the epidermal cells in these first whorl carpel-like structures were examined, they were morphologically similar to wild-type carpel epidermis (Fig. 6D ) or a mixture of both sepal and carpel epidermis (Fig. 6E) . In addition to the sepal conversion into carpel, petals with staminoid sectors (Fig. 5J) were also observed in the second whorl organs of these 35S:: OMADS1 flowers. Most of these flowers were fertile and produced siliques containing seeds.
To explore if the severe phenotypes observed in 35S:: OMADS1 transgenic plants correlated with the level of OMADS1 expression, RT-PCR analysis was performed. The results indicated that high OMADS1 expression was observed in the severe phenotype transgenic plants (Fig. 7A) . The OMADS1 expression was nearly undetectable in 35S::OMADS1 transgenic plants indistinguishable from wild-type plants (Fig. 7A ). This result indicated that the alteration of phenotypes observed in 35S::OMADS1 transgenic Arabidopsis was due to the ectopic expression of the orchid OMADS1 gene.
Ectopic expression of OMADS1 causes early flowering in transgenic tobacco plants
To confirm the result obtained from the transgenic Arabidopsis plants, OMADS1 cDNA driven by the CaMV 35S promoter was transformed into tobacco plants for functional analysis. Seven independent transgenic tobacco T 1 plants were obtained. Three plants were phenotypically indistinguishable from wild-type plants. Four plants showed novel early flowering phenotypes similar to those observed in 35S::OMADS1 transgenic Arabidopsis plants. These four plants were much smaller and flowered significantly earlier than wild-type plants by producing only 2-5 small leaves on inflorescence (Fig. 5K) . At the same stage, wild-type plants produced only leaves and did not show elongated inflorescence (Fig. 5K) . After growing for 3 months in soil, these transgenic plants were senescent and produced only 4-6 flowers (Fig. 5L, M) whereas wild-type plants just started to produce floral buds (Fig. 5L) . Different from transgenic Arabidopsis plants, flowers produced in the inflorescence of these transgenic tobacco plants were apparently normal. No homeotic flower organ conversion was observed. These flowers were fertile and able to produce seeds.
Further analysis indicated that high OMADS1 expression was correlated with the severe early flowering phenotype in transgenic tobacco plants (Fig. 7B ). This result indicated that the phenotype alteration observed in transgenic tobacco was due to ectopic expression of the orchid OMADS1 gene.
Induction of flowering time genes in 35S::OMADS1 transgenic Arabidopsis plants
Genes such as GI, CO, FT, SOC1, LD, LFY and AP1 have been thought to be involved in floral induction and initiation in Arabidopsis. Similar to those observed in 35S::OMADS1 transgenic plants, ectopic expression of CO, FT, LFY or AP1 dramatically reduced the flowering time in transgenic Arabidopsis plants (Samach et al. 2000 , Kobayashi et al. 1999 , Kardailsky et al. 1999 , Mandel and Yanofsky 1995b , Weigel and Nilsson 1995 . Does the over-expression of OMADS1 affect the expression of these genes in transgenic plants and result in flowering time promotion? To explore this possibility, the expression of GI, CO, FT, SOC1, LD, LFY and AP1 in transgenic plants was analyzed using quantitative RT-PCR.
In 35S::OMADS1 transgenic plants, the level of FT expression was significantly up-regulated (>20-fold more than in wild-type control plants) 7 d after germination and remained at a slightly higher level than that in wild-type plants at 11 and 15 d after germination (Fig. 8) . Similar to FT, the level of SOC1 and LFY expression was also clearly up-regulated in 35S::OMADS1 transgenic plants 7-15 d after germination (Fig.  8) . The induction of the AP1 gene in 35S::OMADS1 transgenic plants was similar to that observed for LFY although the induction timing was later than that observed for LFY (Fig. 8) . The AP1 transcripts were initially up-regulated at 11 d after germination and increased to a high level at 15 d after germination (Fig. 8) . In the control plants, the AP1 transcripts were barely detectable at 15 d after germination (Fig. 8) . Conversely, the expression of GI, CO and LD was unaffected in 35S::OMADS1 transgenic plants at all three stages tested (Fig. 8) . The result indicated that flowering time alteration in 35S::OMADS1 transgenic Arabidopsis plants was correlated with the up-regulation of FT, SOC1, LFY and AP1 transcripts by OMADS1.
35S::OMADS1 compensates late-flowering defect in gi-1, co-3 but not in ft-1 and fwa-1
Because ectopically expressed OMADS1 caused upregulation of FT expression in the photoperiod flowering pathway, FT likely acts as target gene (directly or indirectly) for OMADS1 in transgenic plants. To further confirm the relationship between OMADS1 and flowering time genes in transgenic plants, OMADS1cDNA driven by the CaMV 35S promoter was transformed into Arabidopsis late-flowering mutants, co-3, gi-1, ft-1 and fwa-1.
All 35S::OMADS1 transgenic co-3 or gi-1 plants were phenotypically indistinguishable from 35S::OMADS1 transgenic plants (Fig. 5A) . They flowered early and produced only two to three small curled rosette leaves. This result indicated that 35S::OMADS1 could activate a gene downstream of GI and CO in the photoperiod flowering pathway. In contrast, 35S:: OMADS1 transgenic ft-1 or fwa-1 plants were phenotypically distinct from 35S::OMADS1 transgenic plants. 35S::OMADS1 ft-1 transgenic plants produced more than 20 small rosette leaves similar to that observed in untransformed ft-1 mutants before showing inflorescence elongation (Fig. 9A) . In contrast to wild-type or ft-1 mutant plants, only leaves were produced at elongated inflorescence of these 35S::OMADS1 ft-1 transgenic plants (Fig. 9A) . Flower-like structures were observed during late development (Fig. 9B ) and sometimes converted into leaflike flowers without sepals and petals (Fig. 9C, D) . Despite the similar late-flowering phenotype, these 35S::OMADS1 ft-1 transgenic plants are smaller than untransformed ft-1 mutants. A similar phenotype was also observed in 35S::OMADS1 fwa-1 transgenic plants. In 35S::OMADS1 fwa-1 transgenic plants, a cluster of leaves with flower-bud-like structures was generated at the inflorescence apex after producing more than 20 small rosette leaves (Fig. 9E, F) . Later on, these flower-bud-like structures developed into a cluster of leaf-like flowers containing numerous stamen-like and carpel-like structures with exposed stigmatic papillae and ovules (Fig. 9G, H, I ). Because OMADS1 fails to rescue the late-flowering phenotype of ft-1 and fwa-1 it is likely that FT was the target for OMADS1 in transgenic Arabidopsis plants.
Discussion
In investigating the role of MADS box genes in regulating orchid (O. Gower Ramsey) flower development, MADS box genes were cloned using DNA sequence conservation. OMADS1, the orchid gene characterized here, was closely related to AGL6 in the AP1/AGL9 group of MADS box genes based on the protein sequence (Fig. 1B) . This suggested that OMADS1 is potentially an AGL6 orthologue in O. Gower Ramsey. However, the expression of OMADS1 was different from AGL6 or its orthologues. In contrast to OMADS1 mRNA that was only detected in the lip and carpel, AGL6 mRNA was expressed in all four flower organs and ovules in Arabidopsis (Mouradov et al. 1998 ). ZAG3, a putative AGL6 orthologue in maize, showed a very similar expression pattern to AGL6 (Mena et al. 1995) . DOMADS2, an orchid (Dendrobium) gene in the SQUA subfamily (Fig. 1B) , was expressed in the column (fused structure of stigmas, styles, and stamens) and ovary, and was absent in the sepal and petal (Yu and Goh 2000) . Although the expression pattern for OMADS1 is diverse in other MADS box genes in the AP1/AGL9 subfamily, ectopic expression of OMADS1 in the Arabidopsis and tobacco plants produced early-flowering and terminal flower phenotypes similar to those plants ectopically expressing AP1/AGL9 subfamily genes such as AP1 and SEP3 (Mandel and Yanofsky 1995b , Kyozuka et al. 1997 , Pelaz et al. 2001 , Honma and Goto 2001 . This indicated that OMADS1 indeed functioned similar to those genes in the AP1/AGL9 subfamily in regulating floral initiation.
This assumption was further supported by two lines of evidence. The first one is the detection of OMADS1 expression in the apical meristem of the orchid (Fig. 3) . This result indicated that the OMADS1 should function before flowering. The second evidence came from the ability for OMADS1 protein to form heterodimers with OMADS3 (Fig. 4) . OMADS3 is an orchid paleoAP3-TM6-like gene that is expressed in both flower and leaves (Hsu and Yang 2002) . The early flowering phenotype and the production of terminal flowers in 35S::OMADS3 transgenic Arabidopsis plants suggested that part of the function for OMADS3 is involved in the floral initiation (Hsu and Yang 2002) . The direct interaction between OMADS1 and OMADS3 suggests that OMADS1 also possibly plays a role in floral initiation. Since no result of mutant or functional analysis was available for AGL6 or its orthologues, whether they also share a similar function in floral initiation as seen for OMADS1 is unclear and remains under investigation. The results obtained with OMADS1 in this study could be important in understanding the function of AGL6-like genes in the future.
Interestingly, ectopic expression of OMADS1 in Arabidopsis also produced carpel-like sepals and stamen-like petals along with the early-flowering phenotypes, similar to Arabidopsis plants that ectopically expressed carpel-expressing genes such as AG, SHATTERPROOF1 (SHP1), SHP2 (previously described as AGL1 and 5) of Arabidopsis (Mandel et al. 1992a , Mizukami and Ma 1992 , Kater et al. 1998 , Rutledge et al. 1998 , Tandre et al. 1998 , Liljegren et al. 2000 , EgMADS1 of lisianthus and LMADS2 of lily (Tzeng et al. 2002) . Since OMADS1 mRNA was also expressed in the carpels of flower (Fig. 3) , OMADS1 may represent a class of MADS box gene that shows high sequence identity to AP1/AGL9 functional MADS box genes, with a function similar to the carpel-specific MADS box genes in regulating floral initiation and carpel development in the orchid. This assumption is further supported by the fact that OMADS1 is able to strongly form heterodimers with OMADS2, a putative AG orthologue protein that was specifically expressed in stamen and carpel of orchid flowers (Hsu and Yang, unpublished results) .
Because OMADS1 significantly promoted flowering once ectopically expressed in Arabidopsis and tobacco plants, exploring the relationship between OMADS1 and the flowering time genes in transgenic plants is necessary. Interestingly, the expression of flowering time genes FT and SOC1 was upregulated in 35S::OMADS1 transgenic Arabidopsis plants (Fig.  8) . This result indicated that FT and SOC1 are possible targets for OMADS1 in transgenic plants. Because these two genes are also the direct targets for CO , Samach et al. 2000 , Blázquez 2000 , our results indicated that OMADS1 possibly functioned in parallel with CO in regulating flowering time in transgenic plants. This assumption was supported by the ability of OMADS1 to rescue the late-flowering phenotype for gi-1, co-3 but not for ft-1 and fwa-1 in this study. This data strongly supports that 35S::OMADS1 activate FT and SOC1, downstream genes for GI and CO in the photoperiod flowering pathway. Although our results cannot distinguish whether the activation of FT and SOC1 by 35S::OMADS1 in transgenic plants is direct or indirect, our results do provide the evidence to support that the early-flowering phenotype generated by ectopic expression of a MADS box gene is due to the positive interaction between the MADS box and flowering time genes in transgenic Arabidopsis.
The timing and high expression of LFY were strongly correlated with the early FT and SOC1 expression in 35S:: OMADS1 transgenic Arabidopsis seedlings (Fig. 8) . The upregulation of LFY was possibly due to the activation of FT/ SOC1 by OMADS1. This assumption is supported by the fact that FT and SOC1 are thought to be involved in the positive regulation of LFY , Reeves and Coupland 2000 , Samach et al. 2000 , Blázquez 2000 . Based on this data, activation of FT/SOC1 should cause an increase in LFY activity, as seen in our results. Along with the FT, SOC1 and LFY, the expression of AP1 was also upregulated in 35S::OMADS1 transgenic Arabidopsis seedlings (Fig. 8) . Because the up-regulation for AP1 was several days later than that for FT, SOC1 and LFY (Fig. 8) , we propose that the up-regulation of AP1 is due to the activation of FT, SOC1 and/or LFY by OSMADS1. This assumption is supported by the fact that LFY was able to positively regulate AP1 by binding to the AP1 promoter directly (Mandel and Yanofsky 1995b , Weigel and Nilsson 1995 , Parcy et al. 1998 , Wagner et al. 1999 . Therefore, the high AP1 expression in 35S::OMADS1 transgenic seedlings can be simply explained due to the LFY activation. The activation of LFY and AP1 by 35S::OMADS1 could also be supported by the similar terminal flower phenotype of the 35S::AP1, 35S::LFY, and 35S::OMADS1 transgenic plants Yanofsky 1995b, Weigel and Nilsson 1995) . Therefore, our results suggest that OMADS1 activated the flowering time genes FT, SOC1 in regulating LFY and AP1 activity in transgenic plants.
One more interesting result obtained in this study was the remarkably similar phenotypes observed among 35S::OMADS1 transgenic plants, emf and clf mutants (Sung et al. 1992 , Yang et al. 1995 , Goodrich et al. 1997 . Mutations in the EMF1 or EMF2 genes caused direct inflorescence and flower production in the absence of rosette growth (Sung et al. 1992 , Yang et al. 1995 . EMF1 encodes a novel protein (Aubert et al. 2001) whereas EMF2 is a polycomb group gene (Yoshida et al. 2001) . Surprisingly, the level of transcript for both EMF genes did not change during vegetative and reproductive growth. Moreover, ectopic expression of EMF1 and EMF2 did not delay flowering (Aubert et al. 2001 , Yoshida et al. 2001 ). Thus, the EMF genes appear not to be involved in the floral transition through transcriptional regulation.
As reported previously, mutations in the EMF genes caused precocious AG and AP1 expression in leaves (Chen et al. 1997 , Chou et al. 2001 , Aubert et al. 2001 . A similar result was observed in clf and fertilization independent endosperm (fie) mutants in which precocious expression of AG, AP1, AP3, PI was strongly correlated with the precocious appearance of flower organs (Goodrich et al. 1997 , Kinoshita et al. 2001 . Interestingly, similar to EMF2, both CLF and FIE are polycomb-group proteins that have been thought to maintain transcriptional repression of target genes through chromatin remodeling (Francis and Kingston 2001) . Based on these results, we proposed that EMF, CLF and FIE proteins may mediate polycomb complexes and act as suppressors for certain ABCDE MADS box genes such as AG and AP1 during vegetative development, restricting their expression in flower development. Therefore, early flowering caused by ectopic expression of OMADS1 or other MADS box genes was possible due to lack of the suppression by polycomb complexes. These MADS box genes are able to directly or indirectly activate flowering time genes FT and SOC1 to promote flowering in emf, clf or fie mutants or once ectopically expressed in the leaves, as seen in our result.
In summary, an AGL6-like MADS box gene OMADS1 specifying flower development was characterized from orchid. Ectopic expression of OMADS1 in heterologous Arabidopsis or tobacco plants was used to generate clear phenotypes useful in the prediction of its possible functions in flower development. OMADS1 significantly promoted flowering by positively activating the flowering time genes FT, SOC1 and floral initiation genes LFY and AP1 in transgenic Arabidopsis plants. This novel characteristic for OMADS1 provides useful information in understanding MADS box genes in orchid and the interaction between MADS box and flowering time genes.
Materials and Methods

Plant materials and growth conditions
Plants of orchid (O. Gower Ramsey) used in this study were grown in the field in PuLi County, Nan Tao, Taiwan. Late-flowering mutant lines (fwa-1, ft-1, co-3 and gi-1) used in this study were obtained from the Arabidopsis Biological Resource Center, Ohio State University, Columbus, OH, U.S.A. Seeds for Arabidopsis were sterilized and placed on agar plates containing 1/2´ Murashige and Skoog (MS) medium (Murashige and Skoog 1962) at 4°C for 2 d. The seedlings were then grown in growth chambers under long-day conditions (16-h light/8-h dark) at 22°C for 10 d before being transplanted to soil. The light intensity of the growth chambers was 150 mE m -2 s -1 .
Cloning of cDNA for OMADS1 Total RNA was isolated from floral buds of orchid. Synthesized cDNA fragments (1-to 1.5-kb) were used as templates in PCR experiments. PCR amplification was performed by touchdown program and by using MADS box degenerate primer M7 (5¢-GCTCTCTGTNCTIT-GYGAYGC-3¢) and poly-T primer as described by Hsu and Yang (2002) . PCR products were cloned and sequenced. Partial sequence for OMADS1 that showed similarity to AP1/AGL9 group of MADS box genes were identified. Internal gene-specific primers (5¢-CTCAACAT-GTCTAGGTCTTCCCCAA-3¢) were designed for OMADS1 for 5¢-rapid amplification of cDNA ends (5¢-RACE) (Hsu and Yang 2002) . The cDNA for OMADS1 was obtained by PCR amplification using the 5¢ primer, 5¢-GGATCCCTAAGGAAGCAGAAAAAA-3¢; and the 3¢ primer, 5¢-GGATCCAAGTTAGTGACCAAATATC-3¢. Both primers containing the generated BamHI recognition site (5¢-GGATCC-3¢, underlined) to facilitate the cloning of the cDNAs.
DNA gel blot analysis
Genomic DNA from O. Gower Ramsey was isolated from leaves according to a modified CTAB (hexadecyl trimethyl-ammonium bromide) method (Yang et al. 1995) . For Southern hybridization, 10 mg genomic DNA was digested with appropriate restriction enzymes, size fractionated in 1% agarose gels and transferred to Hybond N+ membranes (Amersham International, Buckinghamshire, U.K.) for highly stringent hybridization as described previously (Hsu and Yang 2002) . A DNA fragment truncated with MADS box region of OMADS1 cDNA was amplified through PCR and used as DNA probe.
RT-PCR and Southern analysis
Total RNA was isolated from various organs of orchid or from leaves of 35S::OMADS1 transgenic Arabidopsis plants. cDNA synthesis, and PCR amplification were performed as described by Hsu and Yang (2002) . The PCR product was analyzed by electrophoresis in 1.5% agarose gels. For Southern analysis, the agarose gels were transferred to Hybond N+ membranes for highly stringent hybridization (Hsu and Yang 2002) . Primers specific for OMADS1, GI, CO, FT, SOC1, LD, AP1 and LFY used in RT-PCR and in the generation of DNA probes were listed below. OMADS1: HS3-1 (5¢-CTCAACATG-TCTAGGTCTTCCCCAA-3¢) and HS3-4 (5¢-GATAACAAAAAC-ACTAGAGCGCTATC-3¢). GI: GI-5-A (5¢-GAGCTGTCTTTCTCCG-TTGTTT-3¢) and GI-3-A (5¢-CTTCAATAGATTGGATAAACCGTC-3¢). CO: CO-5-1 (5¢-AACAGTGACAGATCCAGAGAACAG-3¢) and CO-3-1 (5¢-TTCTCTGCATACGCTTTCCTTGAA-3¢). FT: FT5-3 (5¢-CCTGCTACAACTGGAACAACCTTT-3¢) and FT3-2 (5¢-GCTATAT-AGGCATCATCACCGTTCGTTACTCG-3¢). SOC1: SOC1-1 (5¢-GTT-TCTGAAGAAAATATGCAGCATT-3¢) and SOC1-2 (5¢-GAACAAG-GTAACCCAATGAACAA-3¢). LD: LD-5-1 (5¢-ATGGACGCGTTCA-AGGAGGAGATA-3¢) and LD-3-1 (5¢-ACATGCCTCCGGATGTATA-GAGTT-3¢). LFY: LFY-1-A (5¢-TCATTTGCTACTCTCCGCCGCT-3¢) and LFY-1-B (5¢-CATTTTTCGCCACGGTCTTTAG-3¢). AP1: AP1-3A (5¢-GCTCCAAAAAAAGGAGAAGGC-3¢) and AP1-3B (5¢-GCC-AAAATATATTAATTGGATGAAA-3¢). Primers specific for ACTIN (ACT) used in RT-PCR reaction as internal control were ACT-1 (5¢-ATGAAGATTAAGGTCGTGGCA-3¢) and ACT-2 (5¢-TCCGAGTTT-GAAGAGGCTAC-3¢).
Scanning electron microscopy
Scanning electron microscopy was performed according to the method of Tzeng et al. (2002) and Hsu and Yang (2002) . Various floral organs were fixed in 2% glutaraldehyde in 25 mM sodium phosphate buffer (pH 6.8) at 4°C overnight. After dehydration in a graded ethanol series, specimens were critical point dried in liquid CO 2 . The dried materials were mounted and coated with gold-palladium in a sputter-coater (model 5150, JBS, Watford, U.K.). Specimens were examined in a Topcon scanning electron microscope (model ABT-150S) with an accelerating voltage of 15 kV.
Plant transformation and transgenic plants analysis
A BamHI fragment containing the cDNA for OMADS1 was cloned into binary vector PBI121 (CLONTECH, Palo Alto, CA, U.S.A.) under the control of cauliflower mosaic virus (CaMV) 35S promoter and used for plant transformation. Wild-type and various late-flowering mutant Arabidopsis plants were transformed using vacuum infiltration method as described by Bechtold et al. (1993) . Tobacco plants were transformed using the method as described by Horsch et al. (1985) . Transformants were selected in the medium containing 50 mg ml -1 kanamycin.
Yeast two-hybrid analysis
The cDNA truncated with MADS box region for OMADS1 was amplified by PCR using primers O1-1 (5¢-GATATAACAGAATTC-ATGGAGCGC-3¢) and O1-2 (5¢-GGATCCAAGTTAGTGACCAAA-TATC-3¢). These primers contained the generated EcoRI recognition site (5¢-GAATTC-3¢, underlined) or BamHI recognition site (5¢-GGATCC-3¢) to facilitate the cloning of cDNA. PCR fragments were ligated into plasmid pGBKT7 (binding domain vector) or PGADT7 (activation domain vector) provided by MATCHMAKER yeast twohybrid system 3 (CLONTECH). The cloning of cDNA truncated with MADS box region for OMADS3 was described elsewhere (Hsu and Yang 2002) . Recombinant plasmids were transformed into yeast using the lithium acetate method (Gietz et al. 1992) . The transformants were selected on selection medium according to the manufacturer's instructions. b-galactosidase activity in transformants was analyzed as described by Hsu and Yang (2002) and calculated according to Miller (1992) .
